Mitogen-activated protein kinases (MAPKs) are important regulators of many cellular processes. In mammalian testes, these kinases are involved in controlling cell division, differentiation, survival and death, and are therefore critical to spermatogenesis. Recent studies have also illustrated their involvement in junction restructuring in the seminiferous epithelium, especially at the ectoplasmic specialization (ES), a testis-specific adherens junction (AJ) type. ES contributes to the adhesion between Sertoli cells at the blood -testis barrier, as well as between Sertoli and developing spermatids (step 9 and beyond) at the adluminal compartment. MAPKs regulate AJ dynamics in the testis via their effects on the turnover of junction-associated protein complexes, the production of proteases and protease inhibitors, and the cytoskeleton structure. In this review, roles of the three major MAPK members, namely extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK, in ES dynamics are critically discussed. An integrated model of how these three MAPKs regulate adhesion function in the seminiferous epithelium is also presented. This model will serve as the framework for future investigation in the field. D
Introduction
In the adult testis of mammals including rodents, primates, and men, spermatogenesis takes place in the epithelium of the seminiferous tubules (see Fig. 1 ). During this process, spermatogonia (diploid, 2n) undergo mitotic and meiotic divisions, differentiate and develop to fully mature spermatids (haploid, 1n), which then leave the seminiferous epithelium at spermiation (for reviews, see Cheng and Mruk, 2002; de Kretser and Kerr, 1988; Mruk and Cheng, 2004b; Russell et al., 1990) . Spermatogenesis by and large is regulated by FSH and LH released from the pituitary gland under the influence of GnRH from the hypothalamus, and testosterone produced by Leydig cells in the interstitium. Since the significance of the hypothalamic -pituitary-testicular hormonal axis in spermatogenesis is fairly well understood, readers can refer to recent excellent reviews in this subject area in the field (for reviews, see de Kretser and Kerr, 1988; Kakar et al., 2004; McLachlan et al., 1996; O'Connor and De Kretser, 2004; Winters and Moore, 2004) .
While spermatogenesis is such a complicated molecular and biochemical process, the seminiferous epithelium is composed of only Sertoli and germ cells (i.e., spermatogonia, spermatocytes, and round, elongating, and elongate spermatids). Morphometric analysis has shown that each Sertoli cell in the adult rat testis provides mechanical and nutritional support to about 30-50 developing germ cells at different stages of the seminiferous epithelial cycle during spermatogenesis (Weber et al., 1983; Wong and Russell, 1983) . Furthermore, adjacent Sertoli cells in the seminiferous epithelium form an almost impermeable barrier near the basement membrane known as the blood -testis barrier (BTB, also called the seminiferous epithelium barrier) (for reviews, see Dym and Fawcett, 1970; Setchell, 1980 ) (see Fig. 1 ). This BTB creates a unique microenvironment that sequestered virtually all the events associated with postmeiotic germ cell maturation from the systemic circulation. It also restricts the access of nutrients, hormones, electrolytes, and other biological substances from the interstitium to the developing germ cells behind the BTB (Fig. 1) . In contrast to the blood -brain, blood -retina, and blood -epididymal barriers, which are formed by epithelial or endothelial TJ-barrier, the BTB is composed of coexisting anchoring and tight junctions (TJs) (for reviews, see Mruk and Cheng, 2004a,b; Russell and Peterson, 1985; Vogl, 1989) (Fig. 1) . The BTB also morphologically divides the epithelium into basal (near the basement membrane) and adluminal (near the tubule lumen) compartments ( Fig. 1 ) (for reviews, see Cheng and Mruk, 2002; de Kretser and Kerr, 1988; Dym and Fawcett, 1970; Setchell, 1980) . As such, developing germ cells (i.e., preleptotene and leptotene spermatocytes) must translocate progressively from the basal to the adluminal compartment, across the BTB, which takes place at stages VII -VIII of the epithelial cycle in the rat and mouse testes (Russell, 1977b) . These germ cells must also traverse the remaining epithelium until they reach the adluminal edge of the epithelium where they are released Fig. 1 . Ultrastructural features of the BTB and the apical ES and the molecular structure of constituent protein complexes at these sites in the adult rat testis. (A) A schematic drawing showing the relative position of the BTB and the apical ES in the seminiferous epithelium of an adult rat testis. The BTB is found between adjacent Sertoli cells in the basal compartment, which sequesters the more developed germ cells (i.e., pachytene spermatocytes and beyond) from the systemic circulation. It also divides the epithelium into the basal and apical (or adluminal) compartment. Apical ES is found between Sertoli cells and round/elongating/ elongate spermatids in the apical compartment. (B) An electron micrograph showing the ultrastructure of the BTB between two apposing Sertoli cells from an adult rat testis, which is composed of coexisting TJs and basal ES. The basal ES is typified by the presence of actin filament bundles sandwiched between the Sertoli cell membrane (arrowheads) and the cisternae of the endoplasmic reticulum (ER), which are found on both Sertoli cells. TJs are found between the basal ES of the two adjacent Sertoli cells. Scale bar = 0.6 Am. (C) This electron micrograph shows the apical ES found between a Sertoli cell and an elongate spermatid. The apical ES, similar to basal ES, is typified by the presence of actin filament bundles sandwiched between the Sertoli cell membrane (arrowheads) and the ER. However, this structure is restricted only to the Sertoli cell side and is absent in the spermatid. TJ is not present in apical ES. Ac, acrosome. Scale bar = 0.5 Am. (D) A schematic drawing that illustrates the molecular structure of the BTB, depicting the molecular architecture of different constituent protein complexes and their associated proteins. TJ-associated structural proteins: occludin, claudin and junction adhesion molecule (JAM), and AJ-associated protein complexes: mostly cadherin/catenin and some nectin/afadin are present side-by-side between two Sertoli cells at the BTB. These structural proteins are linked to the underlying cytoskeleton network by different adaptors. (E) A schematic drawing showing the molecular structure of the apical ES, depicting the molecular architecture of different constituent protein complexes. The apical ES is composed of the cadherin/catenin, laminin/h1-integrin/FAK, and nectin/afadin complexes. Recent studies have shown that JAM-B and JAM-C are also found at the apical ES in the rat or mouse testis. These complexes are also linked to the actin cytoskeleton via corresponding adaptors. Although the typical ES structure is not found in the germ cell at the apical ES, recent studies using more sensitive techniques have identified many of the regulatory proteins and adaptors in germ cells at the ES and they are likely utilizing the germ cell-specific actin (T-actin) as attachment site. The figures shown in panels D and E were prepared based on several recent reports in the field Lui et al., 2005; Siu and Cheng, 2004b; Tanaka et al., 2003; Zhang et al., 2005) in addition to those discussed in the text.
at spermiation (see Fig. 1 ). It is therefore conceivable that these events require rapid turnover of the anchoring devices at the Sertoli-Sertoli and Sertoli -germ cell interface, which facilitates germ cell movement from the basal to the adluminal compartment while maintaining the integrity of the BTB (for reviews, see Cheng and Mruk, 2002; Mruk and Cheng, 2004b) . As such, these cells must precisely communicate and coordinate with each other at the cellcell interface via specialized Sertoli -Sertoli and Sertoligerm cell junctions and signaling mechanism(s). Interestingly, this area of research, in contrast to the hormonal regulation of spermatogenesis, remains largely unexplored until very recently.
Needless to say, the exploration of structures that contribute to cell adhesion function in the seminiferous epithelium, particularly their regulation, has long been an important yet largely neglected aspect in the study of spermatogenesis. Herein, we review some recent advances on the study of junction dynamics pertinent to spermatogenesis, in particular the roles of mitogen-activated protein kinases (MAPKs) in adhesion function at the Sertoli -germ cell interface.
Structural characteristics of the ectoplasmic specialization (ES)
Different types of anchoring junctions are found at the Sertoli -Sertoli and Sertoli -germ cell interface in the seminiferous epithelium of adult testes. Since most recent studies on anchoring (or adhesion) junctions have used the rat as the animal model, our discussion is limited to this species particularly the adult rat testis unless otherwise specified. The anchoring junctions include actin-based cell -cell adherens junctions (AJs), such as the testisspecific ectoplasmic specialization (ES) (Russell, 1977c) and tubulobulbar complex (TBC) (Russell and Clermont, 1976) , and cell -cell intermediate filament-based desmosome-like junction (Russell, 1977a ) (for reviews, see Cheng and Mruk, 2002; Mruk and Cheng, 2004a,b; Vogl et al., 2000) . Less is known about the cell -matrix intermediate filament-based hemidesmosomes and it is not known if the cell-matrix actin-based focal contacts (or focal adhesion complexes) are present in the rat testis (for reviews, see Cheng and Mruk, 2002; Mruk and Cheng, 2004b) . Among these anchoring junctions, the ES is by far the best studied structure (for a review, see Mruk and Cheng, 2004a) . The ES can be categorized into basal and apical ES, according to its relative position in the seminiferous epithelium. The basal ES is restricted to the BTB between two adjacent Sertoli cells, coexisting with TJs (Parreira et al., 2002) (Fig. 1) . At the ultrastructural level, the basal ES is composed of bundles of hexagonally arranged actin filaments sandwiched between the Sertoli cell membrane and the cisternae of endoplasmic reticulum (ER) (for reviews, see Mruk and Cheng, 2004a; Russell, 1977c; Toyama et al., 2003; Vogl et al., 2000) (Fig. 1) . The apical ES is restricted to the Sertoli-spermatid (step 8 and beyond) interface, which shares a similar ultrastructure as the basal ES except that it is present exclusively at the Sertoli cell side, and without the TJ (for reviews, see Mruk and Cheng, 2004b; Russell, 1980; Toyama et al., 2003; Vogl et al., 2000 ) (see Fig. 1 ). An array of molecules, including transmembrane adhesion proteins, adaptors and signaling molecules (e.g., protein/ lipid kinases and phosphatases), is recently shown to be present between the cell membrane and actin bundles, where they form functional adhesion complexes that confer adhesiveness between the two cell types (for reviews, see Mruk and Cheng, 2004b; Siu and Cheng, 2004a) .
The ES is a versatile anchoring device in the seminiferous epithelium (for reviews, see Mruk and Cheng, 2004a,b) . One of its major functions is to confer cell adhesion. This is achieved by physical interactions between extracellular domains of integral-membrane adhesion proteins between adjacent Sertoli cells (Fig. 1D ) or Sertoli and germ cells (Fig. 1E) , whereas their intracellular domains are connected to the underlying actin cytoskeleton via adaptors (Figs. 1D, E) . Adaptors are proteins that tether the integral membrane proteins, such as those found at the BTB or apical ES, to the cytoskeleton (e.g., actin filaments) as well as recruiting signaling proteins (e.g., kinases and phosphatases) to the site to regulate the functionality of the cell adhesion protein complexes. The molecular architectures of the basal and apical ES are similar but not without structural differences (Fig. 1) . AJ protein complexes that are identified at the basal ES between Sertoli cells by far include the classical cadherin/catenin complex and the nectin-2/afadin complex (Fig. 1D) . They are present at the same site with other TJassociated protein complexes (Fig. 1D ). For the apical ES, it is constituted by at least three different protein complexes at the Sertoli cell side: cadherin/catenin, nectin-2/afadin, and h1-integrin/FAK, which interact correspondingly with cadherins, nectin-2/-3 and laminin-g3 found on the spermatid surface (Fig. 1E) . Since the molecular structure of the ES has been extensively reviewed recently (for reviews, see Mruk and Cheng, 2004b; Takai and Nakanishi, 2003; Toyama et al., 2003; Vogl et al., 2000) , it is not to be discussed in detail herein except that the detailed and updated molecular architectural maps for these protein complexes and their associated component proteins are shown in Figs. 1D and E. Recent studies have deciphered, at least partially, the molecular mechanisms that regulate ES dynamics. This involves the delicate modulation of structural protein complexes at the ES, including their steady-state protein levels and turnover, phosphorylation status, intracellular translocation, and their interactions with adaptors, kinases, phosphatases, and the actin cytoskeleton that lead to ES disassembly and reassembly. Undoubtedly, these changes have to be intriguingly coordinated to fine tune the adhesive function of ES structures to facilitate germ cell movement. These regulations involve extracellular signals that are transmitted to Sertoli and germ cells from the environment (e.g., environmental toxicants, such as cadmium) possibly mediated by cytokines (e.g., TGF-h3 and TNF-a released from Sertoli and/or germ cells) to coordinate different responses (outside-in signaling) (for reviews, see Lui et al., 2003b; Siu and Cheng, 2004a) . They also involve intracellular signals from cells to their surface receptors (e.g., a6h1-integrin/laminin g3) (inside-out signaling) (for a review, see Siu and Cheng, 2004a) . Recent studies have illustrated that a group of molecules that is critically involved in these events pertinent to ES regulation is the MAPKs, which are the subject of this review.
Current status of research on MAPKs in the testis and the technical limitation
It is understood that many of the recent studies exploring the significance of MAPKs in junction restructuring events pertinent to spermatogenesis relied on the use of in vivo or in vitro models, such as treatment of adult rats, or primary Sertoli or Sertoli -germ cell cocultures with chemicals (e.g., cadmium, 1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, nonylphenol, EDTA, EGTA, glycerol) (Aravindakshan and Cyr, 2005; Chen et al., 2003; Chung and Cheng, 2001; Crepieux et al., 2002; Hew et al., 1993; Janecki et al., 1992; Lau and Mruk, 2003; Lee and Cheng, 2005; Lui et al., 2003d Lui et al., , 2005 Wong et al., 2004 Wong et al., , 2005a , hormones (e.g., FSH, testosterone, EGF) (Beardsley and O'Donnell, 2003; Crepieux et al., 2001 Crepieux et al., , 2002 Fix et al., 2004; Janecki et al., 1992; Wong et al., 2005b; Xia and Cheng, 2005; Zhang et al., 2005) , paracrine factors (e.g., TGF-h3, TNF-a) (Lui et al., 2003c; Siu et al., 2003a) , or a combination of multiple molecules to induce rapid junction restructuring. Following these treatments, signaling events (e.g., activation of kinases, phosphatases, or transcription factors) or physiological endpoints (e.g., disruption of the microfilament network) were monitored by techniques of immunoblottings or light/ electron/immunofluorescent/confocal microscopy. These studies have identified several putative signaling pathways utilizing MAPKs to regulate adhesion function at the Sertoli -Sertoli and Sertoli-germ cell interface. Perhaps the most important of all, many of these pathways have now been validated by studies using specific inhibitors, which are the classical pharmaceutical approaches that are being used in the field to identify signal transduction regulation (for reviews, see Cheng and Mruk, 2002; Lui et al., 2003b; Mruk and Cheng, 2004a,b; Siu and Cheng, 2004a) . It is conceivable that this work requires vigorous investigation in future studies by using testisspecific knock-out of MAPKs or their upstream paracrine signal transducers (e.g., TGF-h3 or its receptors). Other new technology will also become available to validate and expand these recent findings. Nonetheless, this review serves as a framework from which future experiments can be designed to tackle specific problems.
MAPKs: an overview
MAPKs are signal transducers that regulate different cellular functions. There are three classical subfamilies of MAPKs, namely the extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 MAPKs (for reviews, see Johnson and Lapadat, 2002; Pearson et al., 2001 ). However, with the subsequent identification of the fourth member, ERK5/Big MAPK (BMK) (Lee et al., 1995; Zhou et al., 1995) , and other unclassified MAPKs including ERK7 and 8 (for a review, see Bogoyevitch and Court, 2004) , this serine/threonine kinase family is still expanding. The MAPK cascade is activated by a wide range of biological factors and external stimuli, such as hormones, growth factors, carcinogenic substances, osmotic stress, radiation, and inflammation. Upon stimulation, different responses are elicited, which include cell division, differentiation, migration, gene expression, apoptosis, and others (for reviews, see Dent et al., 2003; Engelberg, 2004; Kyriakis and Avruch, 2001; Martin-Blanco, 2000; Reddy et al., 2003) . Different types of stimuli will activate different subfamilies of MAPKs, but may also trigger two or three of the MAPK cascades simultaneously. Typically, signaling events of a MAPK cascade are triggered by an initial external stimulus in which a ligand binds onto its receptor on the cell surface, and signals are relayed by an activator, usually a small GTPase, to a MAPK kinase kinase (MKKK) and then a MAPK kinase (MEK/MKK), which subsequently phosphorylates MAPKs (Fig. 2) . The activated MAPKs then proceed to phosphorylate their substrates, which include downstream protein kinases, other enzymes, structural proteins, phospholipids, and transcription factors (Fig. 2) . The action of MAPKs is negatively regulated by protein phosphatases, which can dephosphorylate MAPK and render them inactive (for reviews, see Edmunds and Mahadevan, 2004; Johnson and Lapadat, 2002; Kyriakis and Avruch, 2001; Roux and Blenis, 2004) . Besides working sequentially, MAPKs can also be organized into functional modules by specific scaffold proteins to provide spatial and temporal control of signal transductions (for reviews, see Chen et al., 2001 ; for reviews, see Morrison and Davis, 2003) . The physiological importance of the three major MAPK cascades is illustrated by knockout mouse models, in which the deficiency of one or two MAPK or MEK isoforms will lead to death in embryonic stages (Table 1) .
Most isoforms of ERK, JNK, and p38 MAPK are present in the mammalian testis, and are found in both Sertoli and germ cells in the seminiferous epithelium, which are critical for spermatogenesis (Table 2) . MAPK activity is also required for spermatozoa to acquire mobility during the epididymal transit and is crucial for the fertilization of oocytes (for a review, see Sun et al., 1999) . Recent studies have illustrated the roles of these MAPKs in ES dynamics, which are discussed as follows.
The ERK cascade
ERK is an abundant MAPK that is found in virtually all cell types, and is activated by a vast number of hormones and growth factors to produce specific responses depending on the cell/tissue type (for reviews, see Chen et al., 2001; Widmann et al., 1999) . To date, eight ERK isoforms are known, although some of them, such as ERK5, are fundamentally different from classic ERKs in their functions and regulation (for reviews, see Bogoyevitch and Court, 2004; Chen et al., 2001 ). There are two major classical ERK isoforms: ERK1 and ERK2 of M r 44 and 42 kDa, respectively. Based on results from gene knockout studies, ERK2 is apparently the predominant form because its knockout, but not that of ERK1, is embryonicly lethal in mice (Table 1 ). The activation of ERK is triggered by the Ras-Raf-MEK1/2 cascade (Fig. 2) , which leads to dual phosphorylation of a Tyr and a Thr residue on the polypeptide (for reviews, see Chen et al., 2001; Johnson and Lapadat, 2002) . Phosphorylated ERKs can proceed to activate transcription factors [e.g., Elk-1 and activating protein-1 (AP-1)], downstream kinases [e.g., p90 ribosomal S6 kinases (RSKs) and mitogen-and stress-activated kinases (MSKs)], and other functional molecules (e.g., cytoskeletal proteins) (for reviews, see Chen et al., 2001; Edmunds and Mahadevan, 2004; Reddy et al., 2003; Roux and Blenis, 2004) . Different responses can be elicited depending on the nature of the stimulus and the cell/tissue-type.
Both ERK1 and ERK2 are present in the testis (Boulton and Cobb, 1991) and can be found in Sertoli cells and all classes of germ cells in the seminiferous epithelium (Table 2) . They play critical roles in spermatogenesis and sperm functions, which include mitotic proliferation of spermatogonia, meiotic division of spermatocytes, and capacitation and acquisition of sperm motility (for a review, see Sun et al., 1999) . It is also important for germ cell survival. For instance, phthalate, an environmental toxicant that causes germ cell apoptosis, was shown to down-regulate ERK in the rat testis (Bhattacharya et al., 2005) . Using Sertoli cells cultured in vitro, it has been shown that ERKs are responsive to hormones, including follicle stimulating hormone (FSH) (Crepieux et al., 2001 (Crepieux et al., , 2002 and testosterone (T) (Fix et al., 2004) , and growth factors [e.g., epidermal growth factor (EGF) (Crepieux et al., 2001 ) and basic fibroblast growth factor (Riera et al., 2003) ]. For instance, the addition of testosterone at physiological levels found in the testis (¨10 and 250 nM) to primary Sertoli cell cultures isolated from 15-day-old rat testes can stimulate p-ERK1/2 (Fix et al., 2004 ). This induction is also accompanied by the phospho- Fig. 2 . The MAPK cascades that regulate different cellular function including cell adhesion in the seminiferous epithelium of the testis. This schematic drawing shows some of the major upstream regulators and downstream effectors of ERK, JNK, and p38 MAPK. This figure is prepared based on several recent reviews (Chen et al., 2001; Dent et al., 2003; Herlaar and Brown, 1999; Johnson and Lapadat, 2002; Kyriakis and Avruch, 2001 ) and recent findings (see text). ASK, Apoptosis signal-regulated kinase; TF, transcription factors. rylation of the cAMP response element binding protein transcription factor on Ser 133 (Fix et al., 2004) . While the downstream physiological significance of such activation remains to be identified, this earlier study has shown that the activation requires the participation of androgen receptors (Fix et al., 2004) . Furthermore, other studies have shown that testosterone is uniquely important for maintaining apical ES adhesion function (for a review, see McLachlan et al., 2002) . Testosterone is also shown to stimulate the production of cadherins and occludin (Chung and Cheng, 2001) , which are the constituent proteins of the apical ES and basal ES/TJ at the BTB, respectively. As such, it is logical to speculate that an induction of p-ERK1/2 by testosterone is intimately associated with the integrity of the apical and basal ES in the testis. Besides classical ERKs, ERK7 is also predominantly expressed in the testis (Table 2) . Raf, the kinase that usually relays signals in the ERK cascade, is also found in the testis (Berruti, 2000; Wadewitz et al., 1993) .
ERK has long been considered as a key player in modulating cell adhesion and motility in different epithelia. It is involved in adhesion-mediated signaling (for a review, see Howe et al., 2002) , cytoskeleton dynamics (for a review, see Stupack et al., 2000) , and junction disassembly (Wang et al., 2004b; Webb et al., 2004) . As such, ERK is anticipated Embryos died at E 6.5, without mesoderm formation (Yao et al., 2003) Mek1 À/À Embryos died at E 10.5 due to defects in placental vascularization (Giroux et al., 1999) Mek2 À/À Viable and fertile (Belanger et al., 2003 ) Jnk1 À/À Viable and fertile (Kuan et al., 1999 ) Jnk2 À/À Viable and fertile (Kuan et al., 1999 ) Jnk3 À/À Viable and fertile (Kuan et al., 1999 ) Jnk1
Embryos died at E 11 -12 with significantly increased apoptosis and caspase activation in brain (Kuan et al., 1999) 
Mkk4
À/À Embryos died before E 14 with significantly reduced JNK activity p38a
Most embryos died at E 11.5 -12.5 due to defects in placental development and embryo angiogenesis (Allen et al., 2000; Mudgett et al., 2000; Tamura et al., 2000) Mkk3 À/À Viable and fertile (Lu et al., 1999a ) Mkk6 À/À Viable and fertile ) Mkk3
Embryos died at E 11.0 -11.5 with defects in placental formation and deficiencies in embryonic vascularization (Brancho et al., 2003) E, embryonic age (in day) postcoitus. to be involved in junction restructuring in the seminiferous epithelium during the epithelial cycle. Indeed, FSH, the pituitary hormone that promotes the formation of interSertoli cell TJ-barrier in the rat testis at 15 -18 days postpartum, activates ERK during this period as demonstrated by an in vitro study using Sertoli cells isolated from 12-day-old rats postpartum (Crepieux et al., 2001 ). In contrast, FSH inhibits ERK activity in Sertoli cells that are isolated from 19-day-old rat testes when the development of the TJ-barrier and the BTB is completed, illustrating that the ERK responsiveness to FSH pertinent to junction assembly is age-dependent (Crepieux et al., 2001) . A subsequent study has shown that FSH also activated ERK activity in Sertoli cells isolated from testes of 5-day-old rats when cell -cell and cell -matrix adhesion junctions were formed in vitro (Crepieux et al., 2002) , consistent with the earlier report (Crepieux et al., 2001) . Interestingly, when Sertoli cells isolated from these 5-day-old rat testes were treated with EDTA for 30-min to disrupt Sertoli cellsubstratum adhesion (i.e., cell -matrix anchoring junctions), but apparently had no effects on Sertoli -Sertoli adhesion junctions since these cells remain attached to each other, the ERK activity in these cultures was still stimulated by FSH (Crepieux et al., 2002) . However, if these cultures that were treated with EDTA were permitted to complete cell -matrix detachment prior to FSH treatment, FSH inhibited the p-ERK by as much as 20 -30% instead (Crepieux et al., 2002) . Nonetheless, it must be cautious to note that while these Sertoli cells remained attached following EDTA treatment, the Ca 2+ -dependent cadherin-based adhesion complexes in these cells were disrupted, but they were still connected via the a6h1 integrin -laminin g3 protein complex and possibly nectin-afadin-ponsin complex. Needless to say, these data have clearly illustrated that Sertoli -Sertoli and Sertolimatrix anchoring junctions and TJ-barrier are regulated by FSH via the ERK signaling pathway, and the significance of ERK in cell adhesion.
Besides, ERK also participate in adhesion between Sertoli and germ cells, especially at the apical ES. Recent studies have shown that the ES structure shares many of the characteristics of the cell -extracellular matrix (ECM) adhesion structure known as the focal adhesion (FA) found in other epithelia (for a review, see Siu and Cheng, 2004a) . The focal adhesion complex (FAC), which links transmembrane receptors to the underlying actin network, is composed of different adaptors, phosphatases, and kinases including ERK (for reviews, see Petit and Thiery, 2000; Schlaepfer and Mitra, 2004) . Many components of the FAC have recently been identified at the apical ES of the rat testis, which possibly provide the linkage to integrin h1 at the Sertoli cell surface (Siu and Cheng, 2004b; Siu et al., 2003b Siu et al., , 2005 . Subsequent studies by immunohistochemistry have demonstrated the presence of ERK and phosphorylated ERK at the apical ES (Chapin et al., 2001; Wong et al., 2005b) , indicating its possible involvement in the regulation of the FAC-like ES structure. In fact, the activity of ERK is elevated at the time when ES disassembles to facilitate spermiation. For instance, its phosphorylated form is the most abundant in the seminiferous epithelium at spermiation than before or after this event (Chapin et al., 2001 ). Studies by immunohistochemistry have also identified pERK at or near the heads of elongating spermatids, and the staining is predominantly present at stage VIII in the epithelial cycle during which spermiation takes place (Wong et al., 2005b; Xia and Cheng, 2005) . The significance of ERK signaling in ES dynamics is further reported in two recent studies using in vivo models that mimic ES restructuring during spermatogenesis. The first model is based on the use of subdermal T and estradiol (E) implants in adult rats, which lowered the intratesticular T level. This treatment induces germ cell (step 8 spermatids and beyond) loss from the epithelium due to a disruption of the apical ES adhesion function (Beardsley and O'Donnell, 2003; McLachlan et al., 1996) . During this TE-induced loss of germ cells, ERK is significantly activated as shown by a specific ERK intrinsic kinase assay and immunohistochemistry (Wong et al., 2005b) . This activation is preceded by an initial activation of focal adhesion kinase (FAK) and c-Src, two FA-components that are also found at the apical ES. This further supports the notion that ERK is one of the downstream signal transducers involved in the disassembly of the FA-like ES structure (Wong et al., 2005b) . Another model is based on the use of Adjudin [1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, formerly named AF-2364], a chemical that causes disruptions of apical ES when administrated to rats by gavage (for reviews, see Cheng and Mruk, 2002; Mruk and Cheng, 2004a) . Interestingly, ERK is also activated at the time when germ cells are depleted from the epithelium by Adjudin, which possibly serves as a signal transducer downstream of transforming growth factor-h3 (TGF-h3) and phosphatidylinositol 3-kinase (PI 3-kinase) (Siu et al., 2005; Xia and Cheng, 2005) . Indeed, when rats are pretreated with U0126, an inhibitor that specifically blocks MEK (an upstream kinase of ERK) activity, the Adjudin-induced germ cell loss can be partially blocked. This observation undoubtedly confirms the role of the ERK cascade in the regulation of ES dynamics .
The JNK cascade
JNK, or stress-activated protein kinase (SAPK), receives its names from its ability to phosphorylate the c-Jun transcription factor following its activation by physicallyor chemically-induced stress in multiple epithelia (for reviews, see Davis, 2000; Kyriakis and Avruch, 2001) . Its stimuli include heat shock, UV irradiation, osmotic stress, and proinflammatory cytokines [e.g., tumor necrosis factor (TNF)-a]. To date, the most common biological response triggered by JNK activation is apoptosis (for reviews, see Davis, 2000; Kyriakis and Avruch, 2001 ). For instance, germ cell apoptosis was shown to involve the activation of JNK and c-Jun (Lysiak et al., 2003; Shiraishi et al., 2002) .
There are three isoforms of JNK, in which JNK1 and JNK2 are more critical for cellular functions because the double knockout of these two forms leads to embryonic lethality in mice (Table 1) . The JNK cascade can be activated in various ways, most commonly via small GTPases, such as Rac/ Cdc42. Several upstream MKKKs and two MKKs namely MKK4 and MKK7 are found in this cascade (for reviews, see Davis, 2000; Pearson et al., 2001) (Fig. 2) . Activated JNK, in turn, phosphorylates and activates a variety of transcription factors including Juns and AP-1 (for reviews, see Davis, 2000; Edmunds and Mahadevan, 2004) .
All three isoforms of JNK are found in the testis and both JNK1 and 2 have been positively identified in Sertoli and germ cells (Table 2) . Besides, MKK4 is found in Sertoli cells, spermatocytes, and spermatids in adult rat testes (Phelan et al., 1999) , while MKK7 has been identified in murine testis . Some of the transcription factors specifically activated by JNK, including cjun, junB, and junD, are also found in the testis (Alcivar et al., 1990 (Alcivar et al., , 1991 . In addition to its role in apoptosis, recent studies have shown the involvement of JNK in other cellular events, including cell migration.
The role of JNK in cell motility was first reported in Drosophila and more recently in mammalian cells (for reviews, see Huang et al., 2004; Xia and Karin, 2004) . JNK is another downstream kinase of the FAC, which is capable of modulating actin turnover via paxillin, an adaptor found at the FAC (for reviews, see Huang et al., 2004; Schlaepfer and Mitra, 2004) and at apical ES (for a review, see Siu and Cheng, 2004a) . JNK also induces proteolysis by promoting transcriptions of genes encoding matrix metalloproteases (MMPs), a group of proteases that is responsible for restructurings at the cell-ECM interface (for reviews, see Schlaepfer and Mitra, 2004; Xia and Karin, 2004) . In the seminiferous tubule, the JNK cascade is involved in modulating the Sertoli cell TJ-barrier function. For instance, it was shown that JNK was activated by TNF-a in Sertoli cell cultured in vitro (De Cesaris et al., 1999) . This cytokine perturbs Sertoli cell TJ-barrier integrity possibly by inducing the production of active MMP-9 by Sertoli cells and its activation (Siu et al., 2003a) . It is therefore plausible that JNK is involved in this process. Interestingly, the role of JNK in the testis in vivo is more complicated than originally anticipated. This is demonstrated in studies utilizing cadmium chloride, an environmental toxicant that disrupts the BTB and subsequently leads to germ cell depletion from the seminiferous epithelium (Lui et al., 2003d; Wong et al., 2004) . It has been shown that, during the cadmium-induced junction restructuring in the epithelium, the phosphorylation status and the intrinsic activity of JNK are up-regulated (Wong et al., 2005a) . When this activation of JNK was blocked specifically by dimethylaminopurine (DMAP), the BTB damage was surprisingly more serious (Wong et al., 2005a) . This also led to a more drastic and rapid loss of germ cells from the epithelium, and a decline in protein levels of N-cadherin and h-catenin, indicating that JNK is capable of maintaining, rather than disrupting as predicted, the integrity of both TJ and ES in vivo (Wong et al., 2005a) . It is subsequently shown that JNK is responsible for the induction of a 2 -macroglobulin (a 2 -MG), a protease inhibitor that facilitates Sertoli-germ cell adhesion in vitro , in the testis during the cadmiuminduced junction disruption (Wong et al., 2005a) . From these results, it is apparent that JNK can either promote or block junction restructuring in the testis, depending on the nature of the upstream stimulus. This upstream signal or ligand must be identified in future studies.
The p38 MAPK cascade
p38 MAPK is the third major MAPK being discovered to date (for reviews, see Engelberg, 2004; Martin-Blanco, 2000) . Similar to JNK, p38 MAPK is also regarded as a SAPK, which is activated by both external stress and cytokines (for reviews, see Engelberg, 2004; Kyriakis and Avruch, 2001; Martin-Blanco, 2000) . There are by far 5 different isoforms of p38 MAPK found in mammalian cells in epithelia and endothelia. Among these, p38a is the most abundantly expressed form in different cell types in mammalian endothelia and epithelia (for reviews, see Herlaar and Brown, 1999; Pearson et al., 2001) , which is essential for survival as demonstrated by gene knockout study (Table 1 ). The upstream activators of p38 MAPK are very diverse and different isoforms can be activated by different pathways. Common initiators include Rho/Rac GTPases and tumor necrosis factor receptor-activated factors (TRAFs), which lead to the activation of various MKKKs and then two major MKKs: MKK3 and MKK6 (for reviews, see Engelberg, 2004; Johnson and Lapadat, 2002; Kyriakis and Avruch, 2001) (Fig. 2) . After its phosphorylation by a MKK, p38 MAPK activates a number of MSKs, MAPK-interacting kinases (MNKs) and MAPKactivated kinases (MKs) (for a review, see Roux and Blenis, 2004) . It also activates a number of transcription factors, such as activated transcription factor-2 (ATF-2) and Elk-1 (for reviews, see Edmunds and Mahadevan, 2004; Herlaar and Brown, 1999) . The activation of the p38 MAPK cascade usually results in inflammatory responses or apoptosis, but it also regulates other cellular functions including cell proliferation and differentiation (for reviews, see Herlaar and Brown, 1999; Nebreda and Porras, 2000) . Besides, it is known to regulate cell adhesion and migration by modulating actin dynamics via an actin-polymerizing factor called small heat-shock protein (HSP)-27, or by regulating the protein levels of adhesion molecules at the transcription level (for a review, see Laferriere et al., 2002) .
All p38 MAPK isoforms, except p38-g, have been identified in the testis (Table 2 ). The native form of p38 MAPK can be found in Sertoli cells and elongate spermatids, while its phosphorylated form is found in Sertoli cells and apoptotic germ cells (Table 2) , indicating its role in germ cell death. The involvement of p38 MAPK in cell junction dynamics in the seminiferous epithelium in vitro and in vivo has recently been delineated. First, the p38 MAPK cascade is activated by TGF-h3 when this cytokine is added in Sertoli cell cultures (Lui et al., 2003c) . This activation is accompanied by a disruption of the Sertoli cell TJ-barrier, which can be partially rescued by the use of SB202190, a specific p38 inhibitor (Lui et al., 2003c) . Two subsequent in vivo studies have unequivocally demonstrated that p38 MAPK is one of the major signaling molecules that mediates BTB and ES disruption (Lui et al., 2003d; Wong et al., 2004) . It has been suggested that, during the cadmium-induced BTB restructuring, the level of TGF-h3 in the epithelium is induced, leading to the BTB disassembly and the subsequent apical ES disruption (Lui et al., 2003d; Wong et al., 2004) . The effect of this cytokine is mediated, at least in part, by the p38 MAPK pathway, because an intratesticular injection of SB202190 prior to cadmium treatment can block the cadmium-induced loss of junction-associated proteins in the testis as well as inhibit protease productions at the cellcell interface (Lui et al., 2003d; Wong et al., 2004) . By blocking the p38 MAPK activity, it also prevents the loss of TJ-associated junction proteins (e.g., occludin and ZO-1) as well as apical ES-associated proteins (e.g., cadherins, catenins, afadin, and nectin-3) from the BTB and the apical ES, respectively. These findings thus illustrate the role of this signaling pathway in both TJ and apical ES dynamics (Wong et al., 2004) . Although it is not clear if p38 MAPK can affect other FA-like ES structures, p38 MAPK is indeed a downstream effector of the integrin/FAK complex in other cell types (e.g., cardiac myocytes and human colon cancer cells) (Aikawa et al., 2002; Wang et al., 2004a) . This seemingly suggests that p38 MAPK is capable of regulating different protein complexes at the ES. Interestingly, a recent in vitro study has shown that p38 MAPK is also inhibited when the inter-Sertoli cell gap junction communication is disrupted by nonylphenol (an environmental toxicant and an endocrine disruptor) in TM4, a murine Sertoli cell line (Aravindakshan and Cyr, 2005) . This thus illustrates the importance of p38 MAPK in gap junction dynamics in Sertoli cells. Nonetheless, much work is needed to confirm the role of p38 MAPK in Sertoli -Sertoli and Sertoli -germ cell gap junction dynamics in primary cultures and in whole animals.
An integrated model of apical ES regulation by MAPKs
Based on the currently available data as reviewed herein, all three MAPKs namely ERK, JNK, and p38 MAPK, are involved in ES dynamics in the seminiferous epithelium. It is likely that these pathways are working in concert to regulate ES dynamics, facilitating germ cell movement during the epithelial cycle via a mechanism(s) that remains to be delineated. We proposed herein a preliminary model as depicted in Fig. 3 based on the available information in the field as reviewed herein. It is obvious that this integrated model will be updated rapidly as more information becomes available. Nonetheless, it serves as a guide for other investigators including our laboratory for the years to come.
The two determining factors that maintain apical ES integrity (Fig. 3, left panel) or induce its disassembly (Fig.  3, right panel) are the intratesticular testosterone (T) and the relative ratio of TGF-h3/TNF-a. When the testosterone level is lowered or [TGF-h3] > [TNF-a] in the microenvironment between Sertoli cells and spermatids in the seminiferous epithelium, this favors ES disassembly (see right panel, Fig. 3 ). ES disassembly requires the activation of multiple MAPK cascades. For instance, the p38 MAPK and ERK pathways, which are activated by TGF-h3 in the testis, promote the loss of ES adhesion by inducing the dissociation of the cadherin/catenin complex as well as the nectin/afadin complex (Fig. 3) . p38 MAPK also modulates the production and/or activation of proteases (e.g., cathepsin L) (Wong et al., 2004) , an event that facilitates ES dissociation . A reduction of intratesticular testosterone level (e.g., changes in the production of testosterone by Leydig, Sertoli, and/or germ cells in the microenvironment) can also lead to a loss of interaction between h1-integrin and the FAC-like structures at the apical ES, as recently illustrated in studies using the T-suppression model (Wong et al., 2005b) (Fig.  3 ). This in turn induces different downstream signaling protein complexes, such as the FAK/Src complex, and signaling pathways, including ERK and JNK (Fig. 3) . These two pathways are generally known to initiate a loss of adhesion and to stimulate cell migration through promoting proteolysis and the depolymerization of the actin cytoskeleton (for a review, see Schlaepfer and Mitra, 2004) . Since junction restructuring in the seminiferous epithelium is largely regulated by changes in the homeostasis of proteases and protease inhibitors as well as actin dynamics (for reviews, see Lui et al., 2003a; Siu and Cheng, 2004a) , it is likely that ERK and JNK are crucial regulators of these events at the apical ES.
When the testosterone level is higher or at the intratesticular physiological level, which is about 100-fold of the systemic circulation (Turner et al., 1984) , or [TNFa] > in the microenvironment between Sertoli cells and spermatids in the seminiferous epithelium, this favors ES reassembly or its integrity is maintained (see left panel, Fig. 3 ). This also requires the activation of different MAPKs. For instance, ES assembly is promoted by an activation of the JNK pathway as shown in studies using the cadmium model (Fig. 3) . The activation of this MAPK is likely responsible for the establishment of adhesion within the cadherin/catenin complex and the nectin/afadin complex (Wong et al., 2004) . It also limits proteolysis by regulating the production of protease inhibitors a 2 -MG (Wong et al., 2005a) (Fig. 3) . A possible activator of the JNK cascade that promotes cell adhesion is TNF-a (Fig.  3) . Being a secretory product from both Sertoli and germ cells (De et al., 1993; Siu et al., 2003a) , TNF-a is also known to promote germ cell survival in the seminiferous epithelium (Suominen et al., 2004) . This can possibly be a result of enhanced adhesion between Sertoli and germ cells, since a loss of adhesion is known to affect germ cell survival (Akama et al., 2002; Show et al., 2004) . TNF-a also induces the production of a 2 -MG by Sertoli cells when added to the Sertoli cell epithelium in vitro (Wong and Cheng, unpublished observations) . Despite the fact that TNF-a disrupts TJ in vitro, its role in promoting ES functions in vivo remains to be vigorously investigated. Another pathway that is necessary for ES maintenance and/or assembly is ERK. ERK is activated when germ cells are added onto the Sertoli cell epithelium to initiate AJ assembly in vitro, which possibly acts as a downstream effector of the integrin/FAK/PI 3-kinase complex to promote the stabilization of the actin network (Siu et al., 2005) (Fig. 3, left panel) .
One may wonder why ES restructuring requires different MAPK pathways for regulation instead of just one MAPK. This is not entirely surprising because these MAPKs often share the same upstream activators and downstream signal transducers which are linked by common signaling molecules or adaptors. Recent studies in other tissues and organs have shown that a particular stimulus can activate multiple signaling pathways, which, in turn, leads to different downstream responses. For example, both p38 and JNK are activated in mouse brain during viral infection by influenza A virus, but they play distinctive roles during the course of this viral infection (Mori et al., 2003) . On the other hand, MAPK cascades activated by different stimuli may also converge to a single phenotypic event. In addition, Fig. 3 . This is a schematic drawing that illustrates the current model of ES regulation in the seminiferous epithelium of the rat testis involving different MAPKs under the influence of cytokines (e.g., TGF-h3 and TNF-a). On the left panel, ES assembly that results in germ cell adhesion to the Sertoli cell is promoted by two MAPK pathways. First, JNK, which is induced by TNF-a, promotes adhesion via the stimulation of different AJ-associated protein complexes and by increasing the production of protease inhibitors (e.g., a 2 -MG) to limit proteolysis (Wong et al., 2005a) . Second, ERK is also activated when the FA-like ES structure binds to laminin on the germ cell surface, leading to actin reorganization and ES stabilization (for a review, see Schlaepfer and Mitra, 2004) . The ES possibly remains intact (or in an ''assembled'' state) when the level of TNF-a in the epithelium is high or the ratio of TGF-h3 to TNF-a is low (e.g., <1), because TGF-h3 promotes ES disassembly (see below). On the right panel, ES disassembly that leads to germ cell detachment and migration during spermatogenesis (e.g., induced by testicular T-suppression) involves all three classical MAPK pathways. Both ERK and JNK are likely to work in concert downstream at the FAC-like ES structure. The former promotes the dissociation between integrin (Wong et al., 2005b) and the FAK/Src complex, whereas the latter increases proteolysis at the cell -cell interface (for a review, see Schlaepfer and Mitra, 2004) . The net result of these events is the de-stabilization the actin structure (Siu et al., 2005) . On the other hand, ERK and p38 MAPK are activated by TGF-h3, resulting in the loss of adhesion protein complexes from the ES by reducing the steady-state protein levels of these structural complexes (Wong et al., 2004; Xia and Cheng, 2005) . The p38 MAPK also promotes proteolysis, which further facilitates junction disassembly (Wong et al., 2004) . ES restructuring possibly occurs when the level of TGF-h3 is high or when TGF-h3 to TNFa ratio is >1 within the microenvironment of the Sertoli cell -spermatid interface. It is likely that the differential production of these two cytokines by Sertoli and germ cells at different stages of the epithelial cycle determines the relative ratio of TGF-h3 to TNF-a in the epithelium. This, in turn, favors ES assembly or disassembly, facilitating germ cell movement during spermatogenesis.
many MAPKs share the same downstream transcription factors, such as Elk-1 (Zinck et al., 1995) , or downstream kinases, such as MSK (Webber et al., 2005) . Interestingly, the ratio of different MAPK activities can govern the final cellular outcome. For instance, the p38/ERK activity ratio in HEp3 carcinoma determines whether the cell should stay in dormancy or enter exponential growth phase (Aguirre-Ghiso et al., 2001) . We postulate that the activation of different MAPK cascades at the apical ES to facilitate germ cell movement during spermatogenesis is likely regulated by similar mechanisms as recently found in these other epithelia. Nonetheless, this remains to be vigorously investigated in future studies. Furthermore, since there are several cell adhesion protein complexes that are present side-by-side at the apical ES (see Fig. 1E ) different regulatory pathways are undoubtedly needed to permit the functioning of each complex independently and to coordinate their intriguing interactions. Additionally, there are at least three to four different germ cell types in the epithelium in any given stage of the epithelial cycle. For instance, in a stage VIII tubule prior to spermiation, spermatogonia, preleptotene/leptotene/ pachytene spermatocytes, round spermatid, and elongated spermatids are coexisting in the epithelium. As such, it is not unusual that these germ cell types require different signaling pathways to regulate their adhesion function and communicate with Sertoli cells and to coordinate their development, cell cycle regulation, and migration.
Conclusion and future perspectives
In this review, recent findings regarding the roles of MAPKs in ES dynamics in the testis are discussed. A model is also presented (see Fig. 3 ) in an attempt to explain collectively how the three major MAPK cascades are working in concert, plausibly under the influence of hormones (e.g., testosterone) and cytokines, to regulate restructuring events in the epithelium. This, in turn, facilitates germ cell movement and to coordinate cell cycle regulation during spermatogenesis. A thorough understanding of these events should help investigators to design inhibitor(s) or activator(s) that manipulates ES dynamics to induce germ cell release or retention in the testis. This can also lead to the development of novel approaches for male contraception. To obtain additional information regarding the significance of MAPKs in spermatogenesis, specific inhibitors that target different upstream and downstream signaling molecules should be used in future studies. Furthermore, many functional components of the MAPK pathways, such as transcription factors, regulatory kinases, and phosphatases, remain largely unknown in the testis. Thus, this is an area of research that should be carefully evaluated in future studies. Additionally, testis-specific knockout models of different MAPKs will be a helpful line of research to understand their precise roles pertinent to spermatogenesis and fertility.
